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ABSTRACT 


The  overall  objective  of  this  experimental  program  was  to 
quantify  the  effects  of  rotor-stator  axial  spacing  on  the 
fundamental  time-variant  aerodynamics  relevant  to  forced 
response  in  turbomachinery.  This  was  accompiished  in  a large 
scale,  low-speed,  single-stage  research  compressor  which  per- 
mitted two  rotor-stator  axial  spacing  ratios  representative 
of  those  found  in  advanced  design  compressors  to  be  investi- 
gated . 

At  each  value  of  the  axial  spacing  ratio,  the  aerodynamica 1 iy 
induced  fluctuating  surface  pressure  distributions  on  the 
downstream  vane  row,  with  the  primary  source  of  excitation 
being  the  upstream  rotor  wakes,  were  measured  over  a wide 
range  of  compressor  operating  conditions.  The  velocity 
fluctuations  created  by  the  passage  of  the  rotor  biades  were 
measured  in  the  non-rotating  coordinate  system.  Data  ob- 
tained described  the  variation  of  the  rotor  wake  with  both 
loading  and  axial  distance  from  the  rotor  as  parameters. 

This  data  also  served  as  a reference  in  the  analysis  of  the 
resulting  time-variant  pressure  signals  on  the  vane  surfaces. 

The  individual  vane  surface  data  were  investigated  to 
determine  the  effect  of  rotor-stator  axial  spacing  on  the 


I 

overall  unsteady  pressure  magnitude  as  well  as  to  determine 
the  dynamic  pressure  coefficient  and  aerodynamic  phase  lag 
for  the  unsteady  pressure  differential  across  the  vane. 

These  unsteady  pressure  differential  data,  with  Incidence 
angles  ranging  from  + i®  to  -12^°  and  reduced  frequency  from 
i 6.795  to  20.20,  were  correlated  with  predictions  from  a 

state-of-the-art  flat  plate  cascade  transverse  gust  analysis. 
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The  failure  of  rotor  and  stator  airfoils  as  a result  of  aero- 
dynamic excitations  has  been  and  yet  remains  a serious  design 
consideration  throughout  the  gas  turbine  Industry.  The  discovery 
of  a forced  response  problem,  and  the  subsequent  need  to  affect 
a viable  solution,  results  in  Increased  unit  cost,  delays  In 
delivery  schedules,  and  decreased  flight  readiness.  As  early 
as  1955  the  need  to  develop  a fundamental  understanding  of 
these  "forced  response"  problems  was  recognized  and  noted  In 
the  open  literature  by  Whitmore,  Lull,  and  Adams^^^.  In  the 
ensuing  time  period  significant  advancements  have  been  made  In 
solution  techniques,  aerodynamic  theory,  and  computing  capability. 
However,  today  forced  response  still  ranks  as  a significant 
problem  area  for  gas  turbine  engines. 

The  ability  to  accurately  predict  a priori  the  structural 
resonances  of  turbine  engine  blading  has  been  greatly  enhanced 
through  the  development  and  application  of  finite  element 
techniques.  Thus,  prior  to  rig  or  engine  operation,  the 
designer  Is  now  provided  detailed  Information  regarding  the 
location  of  the  critical  resonant  response  regions  of  operation 
for  a given  blade  row.  However,  the  severity  of  these  resonant 
response  regions  to  the  various  upstream  or  downstream  excita- 
tions is  not  known  until  complete  engine  envelope  conditions 
have  been  tested. 


1 


The  identification  of  a highly  stressed  resonance  of  an  air- 
foil during  testing  necessitates  modifications  to  reduce  the 
stress.  For  a component  test,  the  stress  can  be  reduced  by 
simply  avoiding  the  resonance.  For  an  engine  in  the  develop- 
ment phase,  schemes  such  as  increased  axial  spacing,  re- 
designed blading,  and  changes  in  the  excitation  are  used. 
Similar  procedures  are  used  for  problems  identified  in  flight 
engines  as  longer  operational  times  are  established. 

One  method  which  has  been  successfully  used  to  alleviate 
aerodynami ca 1 1 y forced  response  problems  involves  increasing 
the  axial  spacing  between  the  excitation  source  and  the  respond 
i ng  airfoil.  This  method  has  generally  been  applied  when  an 
upstream  airfoil  row  is  the  excitation  source.  In  this  case 
the  wakes  can  be  the  mechanism  which  create  the  time-variant 
pressures  along  the  chord  of  the  downstream  airfoil  row, 
thereby  driving  the  airfoil  response.  An  increase  in  the 
axial  spacing  is  then  regarded  as  a reduction  in  the  wake 
velocity  deficit  and,  correspondingly,  as  a decreased  level 
of  unsteady  pressure  loading  on  the  responding  airfoil. 

To  Identify  the  type  of  analysis  needed  for  forced  response 
problems  and,  consequently,  the  type  of  data  necessary  to 
assess  that  analysis,  the  following  example  is  presented. 
Following  the  performance  evaluation  of  an  advanced  design 
compressor,  the  routine  teardown  inspection  of  the  unit 


revealed  cracked  blades  and  vanes.  In  four  rows  of  blades  and 
two  rows  of  stators,  tip  cracks  were  identified.  A frequency- 
speed  diagram  for  one  of  the  rotor  blades  in  which  a crack  was 
noted  is  presented  in  Figure  1.  Along  the  excitation  frequency 
line  (created  by  the  upstream  vane  row)  the  blade  resonance  at 
which  maximum  stress  was  noted  is  identified.  Figure  2 presents 
the  calculated  mode  shape  for  the  particular  resonance. 

Thus,  from  this  example  of  a typical  forced  response  problem, 
it  can  be  seen  that  an  appropriate  analysis  and,  consequently 
the  data  to  assess  that  analysis,  must  reflect  the  chordwise 
variation  in  the  unsteady  pressure.  Without  this  chordwise 
variation,  the  excitation  of  the  complex  mode  shape  illustrated 
in  Figure  2 could  not  be  determined. 

The  time-variant  aerodynamic  response  on  an  airfoil  surface 
Is  comprised  of  two  parts.  One  is  due  to  the  upstream  distur- 
bance being  swept  past  the  non -res pond i ng  fixed  airfoils.  The 
second  arises  when  the  airfoil  responds  to  this  disturbance. 

The  unsteady  pressure  distribution  on  the  airfoil  surfaces,  i.e. 
the  driving  force  for  the  airfoil  response,  is  the  sum  of  these 
two  effects.  Analytically  these  effects  are  modeled  by  means 
of  two  analyses.  A gust  analysis  is  used  to  predict  the  time- 
variant  aerodynamics  of  the  fixed,  non -res pond i ng  airfoils  to 
each  harmonic  of  the  disturbance.  An  analysis  wherein  the 
airfoil  cascade  is  assumed  to  be  harmonically  oscillating  is 
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then  used  to  predict  the  additional  aerodynamic  effect  due  to 
the  blades  responding.  Superpositioning  of  these  two  effects 
can  be  performed  only  with  knowledge  of  the  amplitude  of 
response  of  the  blading  because  the  magnitude  of  the  pressure 
field  resulting  from  the  motion  of  the  responding  airfoil  is 
dependent  on  the  amplitude  of  the  motion.  Thus,  an  iterative 
solution  containing  the  gust  analysis,  the  oscillating  airfoil 
analysis,  and  the  airfoil  structural  dynamics  analysis  as  key 
elements  is  necessary  to  predict  the  total  response  of  an  air- 
foil subjected  to  an  upstream  generated  periodic  disturbance. 

The  aerodynamic  gust  analysis,  as  well  as  the  case  of  harmonic 
airfoil  oscillations,  are  areas  of  fundamental  research  inter- 
est. Linearized  unsteady  aerodynamic  small  perturbation  gust 
analyses  for  isolated  and  cascaded  airfoils  are  appearing  in 

the  open  literature  with  regularity.  For  a single,  zero  thick- 

( 2 ) 

ness,  flat  plate  airfoil.  Sears'  ' predicted  the  fluctuating 
forces  due  to  a sinusoidal  transverse  gust.  Horlock^^^  treated  | 

the  generalized  gust  by  considering  a longitudinal  gust  and  \ 

combining  his  results  with  those  of  Sears.  Naumann  and  Yeh  ' j 

considered  the  effects  of  camber  by  partially  accounting  for  I 

some  of  the  coupling  between  the  angle  of  attack  of  the  airfoil 

^ C ^ } 

and  the  unsteady  flow.  Goldstein  and  Atassi'^^  developed  a 

I 
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second  order  analysis  which  accounts  for  all  of  the  coupling 
effects.  These  analyses  are  currently  of  limited  value  to 
turbomachinery  design  In  that  only  Isolated  airfoils  are  con- 
sidered. Of  more  direct  application  are  the  unsteady  aero- 
dynamic analyses  for  cascaded  airfoils.  Whltehead^^^  con- 
sidered a cascade  of  flat  plate  airfoils  moving  through  a 
transverse  gust  In  an  Incompressible  flow  field  as  well  as  the 
case  of  harmonic  airfoil  oscillations  In  a uniform  flow  field. 
This  analysis  was  extended  to  include  the  effects  of  compressi 
billty  by  Fleeter^^^  and  Smith^®^.  It  should  be  noted  that 
the  above  analyses  by  Whitehead,  Smith  and  Fleeter,  also  con- 
sider the  case  of  harmonic  airfoil  oscillations  In  a uniform 
flow  field. 


In  the  transonic  flow  regime,  emphasis  has  been  placed  upon 
the  case  of  harmonically  oscillating  flat  plate  airfoils,  al- 
though It  should  be  noted  that  these  flat  plate  analyses  can 
be  modified  relatively  easily  to  Include  the  case  of  a trans- 
verse gust,  as  per  Reference  9.  Recently  a number  of  solu- 
tions to  the  basic  Inviscid,  small  perturbation,  flat  plate 
model  Involving  various  mathematical  techniques  have  been 
developed,  as  noted  and  discussed  by  Chadwick,  Bell  and 


Platzer 
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There  are  many  mathematica?  and  physical  assumptions  Inherent 
In  these  models,  yet  only  a limited  quantity  of  appropriate 
fundamental  experimental  data  exists  with  which  to  assess  the 
range  of  validity  of  the  models  or  to  Indicate  refinements 
necessary  to  develop  a valid  predictive  design  model. 

For  the  case  of  gusts,  Commerford  and  Carta^ ^ ^ ^ simulated  an 
unsteady  Inlet  flow  direction  on  a single  airfoil  by  generating 
a Karman  vortex  street  from  an  upstream  transverse  cylinder. 

The  flow  field  created  by  the  cylinder  has  a vertical  velocity 
component  which  varied  in  both  directions.  This  is  a serious 
drawback  for  extension  to  airfoil  cascades  as  it  would  result 
in  the  velocity  direction  varying  from  blade  to  blade. 

Ostdiek'  ’ developed  a subsonic  cascade  wind  tunnel  capable 
of  generating  variable  inlet  flow  direction.  The  wind  tunnel 
inlet,  which  included  guide  vanes,  was  oscillated  by  a motor 
driven  crank.  This  system  is  currently  limited  to  very  low 
frequencies  of  oscillation  and,  hence,  very  low  reduced 
frequency  values.  Bruce  and  Henderson'  directly  measured 
the  unsteady  normal  force  and  pitching  moment  on  a chordwlse 
element  of  a subsonic  rotor  blade,  rather  than  the  detailed 
distribution  of  the  unsteady  pressure  difference  across  the 
blades,  due  to  a circumferential  inlet  flow  distortion  in  a 
low  speed  axial  compressor.  Fleeter,  Jay  and  Bennett^ 
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determined  the  incompressible  aerodynami ca 1 1 y induced  fluc- 
tuating pressure  distribution  in  a stationary  vane  row  of 
realistic  geometry,  with  the  primary  source  of  excitation  being 
the  wakes  from  the  upstream  rotor  blades.  In  the  supersonic 
flow  regime.  Fleeter,  Novick  and  Riffel^^^,  measured  the 
fluctuating  pressure  distribution  on  an  airfoil  cascade  result- 
ing from  an  unsteady  inlet  flow  generated  by  an  oscillating 
upstream  wedge. 

For  the  case  of  harmonically  oscillating  airfoils  in  a uniform 
inlet  flow  field,  Carta^^^^  tested  a cascade  of  torsionally 
oscillating  airfoils  at  low  frequencies  and  low  speeds. 

Fleeter  has  been  extensively  involved  in  obtaining  time-variant 
aerodynamic  measurements  in  harmonically  oscillating  rectilinear 
cascades.  References  16  through  18  describe  the  time-variant 
aerodynamic  data  and  correlation  with  the  analysis  of  Reference 
19  obtained  from  torsion  mode  oscillations  of  a single  airfoil, 
a classical  airfoil  cascade,  and  a multiple  circular  arc  (MCA) 
airfoil  cascade  in  a supersonic  inlet  flow  field,  respectively. 

The  overall  objective  of  the  experimental  research  program 
described  herein  is  to  obtain  fundamental  unsteady  forced 
response  aerodynamic  data  necessary  to  quantify  the  effect  of 
rotor-stator  axial  spacing.  This  is  accomplished  by  measuring 
the  aerodynamical ly  induced  fluctuating  pressure  distribution 
in  a downstream  vane  row  of  realistic  geometry,  with  the  primary 
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I source  of  excitation  being  the  wakes  from  the  upstream  rotor 

blading.  Two  rotor-stator  axial  spacing  ratios,  representa- 
tive of  those  found  in  advanced  design  compressors,  are  in- 
vestigated  over  a wide  range  of  reduced  frequency  values  and 
compressor  steady-state  operating  conditions.  This  research 
^ effort  furnishes  data  not  only  for  the  designer,  but  also  for 

the  analyst  whose  requirements  include  a detailed  breakdown 
j of  the  unsteady  pressures  on  both  the  suction  and  pressure 

surfaces  of  the  vane.  This  individual  vane  surface  data  is 
I necessary  to  validate  the  assumptions  and  the  adequacy  of 

^ existing  analyses,  and  to  direct  the  development  of  advanced 

analyses . 
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SINGLE-STAGE  RESEARCH  COMPRESSOR 

The  wakes  from  the  upstream  rotor  blades  are  the  source  of 
the  aerodynamica 1 ly  induced  time-variant  vane  surface  pres- 
sures, i.e.,  the  rotor  wakes  define  the  forcing  function  to 
the  downstream  stator  vanes.  Hence,  it  is  desirable  to  ex- 
perimentally model  the  significant  features  which  define  this 
forcing  function.  These  include  the  variation  of  incidence, 
the  wave  form,  the  velocity  (pressure)  variation,  and  the 
reduced  frequency.  To  meaningfully  investigate  rotor-stator 
axial  spacing  effects,  it  is  also  necessary  to  have  representa- 
tive values  for  the  rotor-stator  axial  spacing  to  upstream 
axial  chord  ratio.  These  features  can  all  be  simulated  in  the 
Detroit  Diesel  Allison  (DDA)  large-scale,  low-speed,  single- 
stage  research  compressor  facility.  A schematic  of  the  overall 
facility  is  presented  in  Figure  3 and  a view  of  the  assembled 
test  rig  in  Figure  4. 

This  research  compressor  features  blading  (42  rotor  blades  and 
40  stator  vanes,  NACA  65  Series)  that  is  aerodynamica 1 ly  loaded 
to  levels  that  are  typical  of  advanced  multi-stage  compressors 
and  is  also  physically  large  enough  to  provide  for  substantial 
quantities  of  instrumentation.  Table  I presents  the  airfoil 
mean  section  properties  as  well  as  the  compressor  design  point 
conditions.  As  is  indicated,  the  airfoils  are  relatively 
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large;  the  rotor  and  stator  chords  are  equal  to  4.589  and  5.089 
inches  (11.66  and  12.93  cm),  respectively. 

The  rotor  blades,  shown  in  Figure  5,  are  designed  to  have 
aerodynamic  loading  levels  representative  of  aft  stages  of 
modern  multi-stage  compressors.  At  the  design  point,  approxi- 
mately 27°  of  turning  is  accomplished  near  the  blade  hub, 
diminishing  to  about  13°  near  the  tip.  The  geometric  char- 
acteristics of  the  rotor  blades  include  high  camber,  with 
fairly  large  deviation  angle  near  the  hub  region,  and  a maxi- 
mum th i ckness -to-chord  ratio  which  varies  from  nearly  7%  at 
the  hub  to  4%  at  the  tip.  The  rotor  solidity  varies  from 
about  1.6  at  the  hub  to  1.3  at  the  tip. 

The  40  vane  stator  row,  Figure  6,  results  in  an  axial  exit 
flow  direction.  Again,  the  airfoil  loss  and  aerodynamic  load- 
ing levels  are  typical  of  those  of  aft  stages  of  modern  multi- 
stage compressors.  The  vane  features  a large  camber  angle 
variation  in  the  hub  region,  a radially  constant  maximum 
th i ckness -chord  distribution,  and  design  point  incidence  that 
varies  from  about  zero  to  minus  one  degree.  Vane  solidity 
varies  from  1.68  at  the  hub  to  1.35  at  the  tip. 

Table  II  presents  a description  of  four  advanced  design  com- 
pressors in  which  excitations  created  by  an  upstream  blade  row 
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caused  serious  concern  for  the  life  of  a particular  airfoil. 

For  each  compressor,  the  ratio  of  the  rotor-stator  axial 
spacing  to  the  upstream  axial  chord  has  been  determined  and 
averaged  with  respect  to  the  number  of  stages.  As  Indicated, 
the  range  of  Interest  for  this  axial  spacing  ratio  Is  on  the 
order  of  0.15  to  O.kS.  Also  Included  In  Table  II  are  the 
nominal  and  the  decreased  value  for  this  ratio  Investigated 
in  the  above  described  research  compressor.  As  Indicated, 
these  two  values  span  the  range  of  Interest  of  advanced  com- 
pressor design  experience. 

Figure  7 shows  a view  of  the  rotor  and  stator  spacing  In 
the  nominal  position.  Figure  8 Indicates  the  modifications 
necessary  to  achieve  the  decreased  rotor-stator  axial  spacing. 

A casing  spacer  was  used  to  move  the  stator  row  forward  such 
that  the  rotor-stator  spacing  was  reduced  to  the  desired 
value.  A thin  spacing  shim  was  then  used  to  precisely  locate 
the  rotor  relative  to  the  stator.  A forward  spacer  was  used 
to  minimize  leakage  along  the  forward  face  of  the  rotating 
disk. 

It  should  be  noted  that  the  above  described  research  com- 
pressor and  blading  were  previously  used  In  the  experimental 
program  described  In  Reference  14.  The  rig  configuration 
for  the  current  program  features  a stationary  Inner  endwall 
whereas  the  previous  Investigation  had  a rotating  Inner  endwall. 
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INSTRUMENTATION 
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The  research  compressor  steady-state  instrumentation,  indi- 
cated schematically  in  Figure  9,  permits  the  inlet  and 
exit  flow  fields  to  be  defined  and  the  compressor  map 
determined.  The  inlet  temperature  is  measured  by  means  of 
four  thermocouples  equally  spaced  circumferentially  in  the 
large  stagnation  chamber.  The  rotor  inlet  velocity  profile 
is  determined  from  the  pressure  measurements  obtained  from 
three  equally  circumferentially  spaced  el  even -element  total 
pressure  rakes  and  the  average  of  four  hub  and  four  tip 
static  pressure  taps.  The  exit  flow  field  downstream  of 
the  stator  row  is  determined  from  six  total  pressure  rakes, 
uniformly  spaced  across  an  equivalent  vane  passage,  together 
with  hub  and  tip  static  pressure  taps.  The  exit  temperature 
is  measured  with  an  eleven  element  rake  located  circum- 
ferentially at  the  center  of  the  vane  passage.  The  overall 
compressor  aerodynamic  performance  is  evaluated  by  examin- 
ing the  stagnation  tank  and  stator  exit  temperature  and 
pressure  measurements,  with  the  flow  rate  computed  from  the 
stagnation  tank  static  pressure  and  total  temperature  and 
pressure  measurements. 


j 

f 

i 


The  time-variant  quantities  of  fundamental  interest  in  this 
experimental  investigation  include  the  fluctuating  aero- 
dynamic forcing  function  — the  rotor  wakes,  and  the 
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resulting  chordwise  distributions  of  the  complex  time- 
variant  pressure  distribution  on  the  downstream  stator 
vane  pressure  and  suction  surfaces. 


The  blade  surface  dynamic  pressure  measurements  are 
accomplished  by  means  of  a pair  of  the  NACA  Series  65 
stator  vanes  instrumented  with  flush  mounted  Ku 1 i te  thin- 
line  design  dynamic  pressure  transducers.  These  vanes  are 
located  in  the  stator  row  such  that  one  flow  passage  is 
instrumented.  Table  III  presents  a tabulation  of  the  vane 
coordinates  describing  the  airfoil  shape  along  the  stream- 
line which  was  instrumented.  Figure  10  shows  a view  of  the 
airfoil  surfaces  with  the  embedded  transducers  clearly 
visible.  The  suction  and  pressure  surface  transducers  are 
mounted  at  identical  percent  vane  chord  locations,  identi- 
fied in  Table  IV. 

The  time-variant  wake  measurements  are  obtained  by  means 
of  a cross-wire  probe  which  is  calibrated  and  linearized  to 
200  feet  per  second  and  + 25°  angular  variation.  The 
mean  absolute  exit  flow  angle  from  the  rotor  is  determined 
by  rotating  the  cross-wire  probe  until  a zero  voltage 
difference  is  obtained  between  the  two  linearized  hot-wire 
signals.  This  mean  angle  is  then  used  as  a reference  for 
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calculating  the  I nstantaneous  absolute  and  relative  flow 
angles.  The  output  from  each  channel  is  corrected  for 
tangential  cooling  effects  and  the  individual  fluctuating 
velocity  components  parallel  and  normal  to  the  mean  flcv/ 
angle  calculated  from  the  corrected  quantities. 

As  schematically  depicted  in  Figure  11,  the  cross-wire 
probe  is  located  axially  immediately  upstream  of  the  leading 
edge  of  the  stator  row  at  mid-stator  circumferential  spacing 
in  a passage  adjacent  to  the  one  instrumented  with  dynamic 
pressure  transducers.  The  probe  holders  for  the  cross- 
wire probe  and  also  for  a dynamic  total  pressure  probe  are 
shown  in  Figure  12.  The  machined  pads  mounted  on  the  casing 
exterior  surface  provide  for  angular  references  for  the 
measurement  of  air  angles  and  also  for  radial  and  axial 
location  of  the  probes.  Figure  13  is  a view  looking  aft 
and  shows  the  relative  locations  of  the  cross -wire  probe 
and  the  instrumented  vane  suction  surface.  The  cross -wi re 
probe  and  the  instrumented  vane  suction  surface  with  the 
rotor  installed  are  seen  in  Figure  14. 
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DATA  ACQUISITION  AND  ANALYSIS 

In  this  investigation,  both  steady -state  and  time-variant 
data  are  acquired.  The  steady-state  data  define  the  points 
of  compressor  operation,  in  terms  of  overall  pressure  ratio 
and  corrected  mass  flcv/  rate,  at  which  the  unsteady  velocity 
and  surface  pressure  measurements  are  obtained.  Both  the 
steady  and  time-variant  data  acquisition  are  controlled  by 
an  on-line  digital  computer.  The  rotor  speed  is  manually 
controlled  by  varying  the  power  to  the  DC  drive  motor;  a 
digital  readout  of  the  rotor  speed  is  provided  via  a tacho- 
meter generated  signal. 

Figure  15  presents  a schematic  of  the  steady-state  and  time- 
variant  instrumentation  modules  as  related  to  the  on-line 
digital  computer.  Only  one  mode  of  data  acquisition  opera- 
tion can  be  performed  at  a time.  The  steady-state  corrected 
data  is  output  on  the  teletype  at  the  rig  site  as  well  as 
on  a line  printer.  The  time-variant  data  acquisition  is 
controlled  through  the  CRT  terminal.  On-line  monitoring  of 
this  time-variant  data  is  accomplished  by  means  of  a dual 
beam  storage  oscilloscope  synchronized  to  the  speed  of  the 
rotor  by  an  optically  generated  square  wave  pulse,  while  the 
unsteady  data  is  presented  on  a high  speed  line  printer. 
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The  steady-state  data  acquisition  follows  the  standard  com- 
I pressor  evaluation  procedure.  At  a selected  corrected 

. speed,  the  compressor  is  stabilized  for  approximately  5 

" minutes.  Following  this  period,  the  on-line  computer  is 

I used  to  initiate  the  acquisition  of  the  temperatures  and 

pressures  necessary  to  generate  the  corrected  mass  flow 
I rate,  overall  pressure  ratio,  and  corrected  speed.  A 

. scanning  of  the  reduced  data  is  then  made  to  assure  data 

* uniformity  and  to  ascertain  the  operating  point. 

I The  time-variant  data  acquisition  and  analysis  technique 

■ used  is  based  on  a data  averaging  or  signal  enhancement 
concept.  The  key  to  such  a technique  is  the  ability  to 

I sample  data  at  a preset  time.  For  this  investigation  the 

signal  of  interest  is  generated  at  the  blade  passing  frequency. 
I Hence,  the  logical  choice  for  a time  or  data  initiation 

■ reference  is  the  rotor  shaft.  An  optical  encoder  which 
delivers  a square  wave  voltage  signal  having  a duration  of 

I 1.5  microseconds  was  mounted  on  the  rotor  shaft  for  this 

purpose.  The  computer  analog-to-digital  converter  is 
I triggered  from  the  positive  voltage  at  the  leading  edge  of 

• the  pulse,  thereby  initiating  the  acquisition  of  the  time 
unsteady  data  at  a rate  of  up  to  100,000  points  per  second. 

i'  I The  data  Is  sampled  for  N blade  passages  and  over  M rotor 

I 
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revolutions.  These  rotor  revolutions  are  not  consecutive 


because  a finite  time  is  required  to  operate  on  the  N blade 
passage  data  before  the  computer  returns  to  the  pulse 
acceptance  mode  which  initiated  the  gathering  of  the  data. 

For  this  experimental  program,  80  to  100  digitized  data 
points  are  obtained  for  each  of  three  blade  passages  aver- 
aged over  400  rotor  revolutions  (N  = 3,  M = 400). 

The  basic  concept  of  this  time-variant  data  averaging  techni- 
que is  used  in  an  on-line  analog  mode  throughout  the  test. 

A dual  beam  storage  oscilloscope  is  triggered  by  the  encoder 
pulse  and  the  time  unsteady  signals  of  interest  preserved 
on  the  scope.  For  each  rotor  revolution  one  series  of  wave 
forms  are  added  to  the  wave  forms  already  existing  on  the 
face  of  the  scope  from  previous  revolutions,  thereby  yield- 
ing a time  consistent  overlay  of  the  unsteady  signals. 

Figure  16  presents  an  example  of  such  an  overlay.  The 
upper  and  lower  signals  correspond  to  the  leading  edge 
pressure  and  suction  surface  dynamic  pressure  transducer 
signals  respectively. 


At  each  steady  operating  point  an  averaged  time-variant  data 
set,  consisting  of  the  two  hot-wire  and  the  22  Ku I i te  signals, 
are  obtained.  Photographs  of  these  signals  are  made  on- 
line as  previously  described.  Each  of  these  signals  Is 
digitized  and  Fourier  decomposed  into  its  harmonics. 
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In  this  investigation  only  the  first  two  harmonics  of  the 
data  are  examined  through  the  entirety  of  the  data  analysis 
process.  The  reduced  frequencies  of  these  data  are  in  the 
range  of  turbomachinery  experience  with  forced  response 
problems . 

From  the  Fourier  analyses  performed  on  the  data  both  the 
magnitude  and  phase  angles  referenced  to  the  data  initia- 
tion pulse  are  obtained.  To  then  relate  the  wake  generated 
velocity  profiles  with  the  surface  dynamic  pressures  on  the 
instrumented  vanes,  the  rotor  exit  velocity  triangles  are 
examined.  Figure  17  shows  the  change  in  the  rotor  relative 
exit  velocity  which  occurs  as  a result  of  the  presence  of 
the  blade.  A deficit  in  the  velocity  in  this  relative  frame 
creates  a change  in  the  absolute  velocity  vector  as  indi- 
cated. This  velocity  change  is  measured  via  the  crossed 
hot-wires.  From  this  instantaneous  absolute  angle  and  veloc- 
ity, the  rotor  exit  relative  angle  and  velocity  as  well  as 

the  magnitude  and  phase  of  the  perturbation  quantities  are 
determi ned . 

As  noted  previously,  the  hot-wire  probe  is  positioned  immedi- 
ately upstream  of  the  leading  edge  of  the  stator  row.  To 
relate  the  time  based  events  as  measured  by  this  hot-wire 
probe  to  the  pressures  on  the  vane  surfaces,  the  assumptions 
are  made  that;  (I)  the  wakes  are  identical  at  the  hot-wire 
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and  the  stator  leading  edge  planes;  (2)  the  wakes  are 
fixed  in  the  relative  frame.  Figure  18  presents  a sche- 
matic of  the  rotor  wakes,  the  instrumented  vanes,  and  the 
hot-wire  probe.  The  rotor  blade  spacing,  the  vane  spacing, 
the  length  of  the  probe,  and  the  axial  spacing  between  the 
vane  leading  edge  plane  and  the  probe  holder  centerline 
are  known  quantities.  At  a steady  operating  point  the  hot- 
wire data  is  analyzed  to  determine  the  absolute  flow  angle 
and  the  rotor  exit  relative  flow  angle.  Using  the  two 
assumptions  noted,  the  wake  is  located  relative  to  the  hot- 
wires and  the  leading  edges  of  the  instrumented  vane  suction 
and  pressure  surfaces.  From  this,  the  times  at  which  the 
wake  is  present  at  various  locations  is  determined.  The 
incremented  times  between  occurrences  at  the  hot-wire  and 
the  vane  leading  edge  plane  are  then  related  to  phase 
differences  between  the  perturbation  velocities  and  the 
vane  surface. 


To  simplify  the  experiment -theory  correlation  process,  the 
data  is  adjusted  in  phase  such  that  the  transverse  perturba- 
tion Is  at  zero  degrees  at  the  vane  suction  surface  leading 
edge.  From  the  geometry  Indicated  in  Figure  18,  the  time 
at  which  this  would  occur  Is  calculated  and  transposed  into 
a phase  difference.  This  difference  Is  then  used  to  adjust 
the  pressure  data  from  the  suction  surface.  A similar  opera- 
tion Is  performed  on  the  pressure  surface  data  so  that  the 
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surfaces  of  the  vanes  are  time  related;  i.e.,  time  relating 
the  data  results  in  data  equivalent  to  that  for  a single 
instrumented  vane. 

Following  this  procedure  the  pressure  differences  across 
an  equivalert  single  vane  at  each  transducer  location  is 
calculated.  These  data,  along  with  the  individual  surface 
pressure  data,  are  normalized  with  respect  to  the  inlet 
flow  parameter:  (p  • where  p is  the  inlet  air 

density,  V is  the  stator  inlet  absolute  velocity,  and  v is 
the  transverse  perturbation  velocity  measured  by  the  cross- 
wi re  probe . 

Any  potential  phase  lag  errors  created  by  the  above  described 
time  adjustment  procedure  would  be  constant  for  each  trans- 
ducer, i.e.,  the  difference  in  phase  between  any  two  surface 
pressure  transducers  is  unaffected  by  a potential  error. 

The  only  area  of  concern  would  be  the  correlation  of  the 
reduced  data  with  appropriate  analytical  predictions  for  the 
phase  difference  between  the  transverse  gust  and  the  measured 
response  of  a particular  transducer.  This  experiment -predict i on 
correlation  of  the  chordwise  variation  of  the  phase  angle 
could  be  compared  by  aligning  the  phase  angle  for  the  lead- 
ing edge  (2.47%  chord)  transducers  with  the  phase  angle 
predicted  by  the  prediction  to  eliminate  the  effect  of  any 
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potential  measurement  Inaccuracies,  although  It  should  be 
clearly  noted  that  this  was  not  done  herein. 

Several  potential  sources  of  error  can  be  Identified  with 
regard  to  the  above  outlined  data  analysis  and  reduction 
procedure.  Table  V presents  the  most  likely  potential 
sources  of  error  together  with  the  corresponding  possible 
resulting  errors  In  the  aerodynamic  phase  lag  data.  As  indi- 
cated, the  most  critical  parameters  with  regard  to  accurate 
phase  lag  measurements  are  the  axial  and  circumferential  loca 
tions  of  the  cross -wire  probe  together  with  the  probe  length. 

The  data  presented  herein  are  subjected  to  the  forementi oned 
reduction  and  analysis  procedure.  Variations  in  the  leading 
edge  phase  angle  adjustment  of  up  to  + 25°  are  felt  to  be 
within  experimental  accuracy.  Table  VI  presents  repeated 
data  for  100%  loaded  and  unloaded  conditions.  For  the  un- 
loaded conditions,  the  pressure  magnitude  and  phase  data  are 
compared  for  the  first  four  transducer  locations  on  each 
surface.  For  the  loaded  condition,  various  transducer  magni- 
tude and  phase  angles  are  compared.  The  data  presented  in 
this  table  have  not  been  adjusted  for  time  as  previously 
described.  As  can  be  noted  from  the  data,  close  agreement  in 
phase  angle  Is  obtained,  although  some  scatter  is  present. 
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I It  is  felt  that  with  reasonable  care  taken  to  establish  a 

particular  aerodynamic  condition,  phase  variations  of  + 15° 
I would  adequately  represent  the  scatter  band  at  a particular 

g measuring  location. 
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RESULTS 

Two  studies  were  undertaken  in  the  course  of  this  experi- 
mental program:  (1)  a qualitative  study  of  the  rotor  wake 
velocity  profile  as  a function  of  both  compressor  loading 
and  downstream  axial  distance;  (2)  a quantitative  investiga- 
tion of  the  resulting  time-variant  surface  pressures  induced 
on  the  stator  vanes  by  these  upstream  generated  rotor  wakes 
as  they  are  convected  downstream.  The  objective  of  the 
qualitative  wake  study  was  to  obtain  a physical  understand- 
ing of  the  variations  of  this  aerodynamic  forcing  function 
and  thereby  aid  in  the  analysis  of  the  resulting  measured 
vane  surface  unsteady  pressure  distributions.  The  individual 
unsteady  vane  surface  pressure  data  were  used  to  determine 
the  unsteady  pressure  difference  across  a single  vane  and 
this  difference  data  then  correlated  with  appropriate  predic- 
tions from  a state-of-the-art  cascade  transverse  gust 
analys i s . 

Wake  Investigation 

The  velocity  is  the  fundamental  quantity  used  to  define  the 
wake  and  was  measured  with  the  cross -wire  probe  as  previously 
described.  This  measurement,  made  in  the  absolute  or  non- 
rotating reference  frame,  together  with  the  absolute  flow 
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angle  and  rotor  speed  were  used  to  calculate  the  velocities 
in  the  relative  or  rotating  frame  of  reference. 


Figures  19  and  20  show  the  variations  in  the  profile  and 
the  centerline  velocity  of  the  rotor  wake,  respectively,  as 
a function  of  axial  distance  as  measured  from  the  rotor 
trailing  edge  for  two  values  of  loading  (compression  ratio) 
along  the  100%  speed  line.  At  a constant  axial  distance 
from  the  rotor,  an  increase  in  the  pressure  ratio  (a  decrease 
in  the  mass  flow  rate)  can  be  seen  to  result  in  an  increase 
in  both  the  width  and  velocity  deficit  of  the  wake.  As  the 
axial  distance  from  the  rotor  is  increased,  the  wake  decays 
and  the  difference  between  the  wake  centerline  velocity,  U^, 
(the  minimum  velocity)  and  the  freestream  velocity,  U^, 
decreases.  At  the  high  level  of  loading  this  trend  is  very 
pronounced,  but  is  much  less  significant  at  the  lower  level 
of  1 oad  i ng  . 


The  effect  of  loading  on  the  wake  velocity  profile  is  more 

completely  demonstrated  in  Figure  21.  The  increase  in  both 

the  width  and  the  velocity  deficit  of  the  wake  is  vividly 

Illustrated  therein.  The  '‘hift  seen  in  the  position  of  the 

minimum  wake  velocity  is  felt  to  be  due  to  the  angular 

change  of  the  absolute  velocity  vector  and  to  a change  in 

location  of  the  wake  separation  point  on  the  surfaces  of 

the  generating  rotor  blades.  I 
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In  this  qualitative  wake  study,  a dynamic  (time-based)  data 
acquisition  system  was  used  to  acquire  data  generally 
relegated  to  a steady-state  system.  Rather  than  indexing 
a probe  over  a single  passage  width,  the  passages  were 
rotated  past  the  probe  in  this  application.  Dependent  upon 
computer  storage,  any  number  of  rotor  blades  could  be 
assessed  for  averaged  quantities  in  wake  definition. 

Unsteady  Surface  Pressures 

The  primary  goal  of  this  experimental  investigation  was  to 
obtain  the  time-variant  pressures  on  the  downstream  stator 
vane  surfaces  due  to  the  aerodynamic  excitation  created  by 
the  wakes  from  the  upstream  rotor  blades  for  two  rotor- 
stator  axial  spacings  over  a range  of  steady-state  com- 
pressor operating  conditions.  To  accomplish  this  goal 
dynamic  data  were  obtained  at  each  of  sixteen  steady-state 
operating  points:  eight  at  each  of  the  two  rotor-stator 
axial  spacings.  The  eight  points  for  each  spacing  include 
four  along  both  the  100%  and  the  70%  compressor  corrected 
speed  lines.  On-stand  monitoring  was  used  to  assure  that 
the  data  points  obtained  at  the  second  axial  spacing  were 
at  similar  flow  and  pressure  ratio  conditions  as  those  ob- 
tained at  the  first  axial  spacing.  Figure  22  presents  the 
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locations  of  the  sixteen  steady-state  operating  points 
along  the  70%  and  100%  corrected  speed  lines  in  terms  of 
overall  pressure  ratio  and  corrected  mass  flow  rate  for 
both  axial  snacings.  Data  points  1 through  8 were  obtained 
at  an  axial  spacing  measured  at  mid-span  equal  to  0.719 
inches  (1.826  centimeters)  and  data  points  9 through  16 
were  obtained  with  an  axial  spacing  of  1.304  inches  (3.312 
centermeters ) . In  terms  of  the  ratio  of  the  rotor-stator 
axial  spacing  to  the  upstream  axial  chord,  these  become 
0.2374  and  0.4305  respectively,  as  noted  in  Table  II. 

The  time-variant  pressure  data  acquired  in  this  program  are 
presented  for  ease  of  discussion  using  three  formats:  (1) 
the  measured  dimensional  magnitude  of  the  unsteady  pressure 
on  each  surface  of  the  vane;  (2)  the  dimensionless  unsteady 
pressure  magnitude  and  phase  relation  on  the  individual 
vane  surfaces;  (3)  the  dimensionless  unsteady  pressure 
differential  across  the  vane  and  its  phase  relation  to  a 
transverse  gust  at  the  leading  edge.  The  dimensionless 
pressure  data  is  presented  in  the  form  of  a dynamic  pressure 
coefficient  and  an  aerodynamic  phase  lag.  As  previously 
noted,  the  dynamic  pressure  coefficient  is  normalized  with 
respect  to  inlet  steady-state  properties  of  the  flow  and 
the  magnitude  of  the  transverse  gust:  Cp  * p/p  • ^ , 
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The  aerodynamic  phase  lag  is  referenced  to  a transverse  gust 
at  the  leading  edge  of  the  instrumented  vane. 


Individual  Vane  Surface  Unsteady  Pressures 
The  magnitudes  of  the  measured  unsteady  pressures  on  the 
individual  vane  surfaces  obtained  along  the  100%  corrected 
speed  line  of  the  compressor  for  both  values  of  axial  spacing 
ratio  at  equivalent  loadings  are  presented  in  Figures  23 
through  26.  As  indicated,  the  overall  level  of  the  unsteady 
pressure  magnitude  on  both  surfaces  of  the  vane  increase 
with  loading  at  approximately  the  same  rate  for  each  value  of 
the  axial  spacing  ratio.  This  increase  is  particularly  pro- 
nounced for  the  small  value  of  the  rotor-stator  axial  spacing 
ratio  (0.2374),  being  less  significant  for  the  large  spacing 
ratio  (O.43O5).  It  is  of  interest  to  note  that  this  differ- 
ence in  the  rate  of  increase  of  the  overall  level  of  the  sur- 
face pressure  magnitudes  with  axial  spacing  ratio  is  not 
manifested  in  the  resulting  differential  pressure  magnitude 
data  determined  from  these  individual  surface  data.  In 
fact,  the  dimensionless  differential  pressure  magnitude  and 
aerodynamic  phase  lag  data  show  extremely  good  correlation 
between  the  two  sets  of  rotor-stator  axial  spacing  data. 
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Along  the  70%  speed  line,  the  overall  levels  of  the  un- 
steady pressure  magnitude  on  both  surfaces  also  increase 
with  loading  at  about  the  same  rate,  as  seen  in  Figures  27 
through  30.  However  no  noticable  difference  with  loading 
is  apparent  between  the  data  for  the  two  rotor-stator 
spacings  along  this  speed  line. 

The  fundamental  measured  quantities  are  the  individual 
surface  unsteady  pressures,  with  the  unsteady  pressure 
differential  data  across  the  vane  calculated  from  these 
individual  surface  measurements.  As  state-of-the-art  cas- 
cade gust  analyses  only  predict  this  unsteady  pressure 
difference,  this  difference  data  is  presented  and  discussed 
in  depth.  However,  the  first  and  second  harmonics  of  the 
unsteady  pressure  on  the  vane  pressure  and  suction  surfaces 
are  presented  in  the  Appendix  in  tabular  form  to  serve  as 
an  experimental  baseline  which  can  be  used  in  the  develop- 
ment of  advanced  analyses. 

Unsteady  Pressure  Differential  Data-Theory  Correlation 
Figures  31  through  62  present  the  dynamic  pressure  coeffi- 
cient and  aerodynamic  phase  lag  data  for  the  first  and 
second  harmonics  of  the  unsteady  pressure  difference  across 
the  vane  as  a function  of  percent  vane  chord.  Also  included 
in  these  figures  are  the  incompressible  predictions  obtained 
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from  the  state-of-the-art  cascade  transverse  gust  analysis  of 


Reference  7 for  the  flcv/  conditions  as  specified  in  Table  VII 
The  key  parameters  included  in  this  analysis  are  the  reduced 
frequency,  the  interblade  phase  angle,  the  Mach  number,  and 
the  cascade  solidity  and  stagger  angle. 

This  cascade  analysis  considers  the  two-dimensional,  un- 
steady flow  past  a rectilinear  flat  plate  cascade.  The 
basic  assumptions  are:  the  fluid  is  a perfect  gas;  the  flow 
field  is  i rrotat i onal ; and  the  thin  airfoil  approximations 
are  appropriate.  The  flow  model  assumes  a basic  uniform 
compressible  flow  field  past  an  airfoil  cascade,  with  small 
unsteady  normal  velocity  fluctuations  superimposed.  The 
source  of  the  fluctuations  is  located  upstream  with  the 
oscillations  in  the  velocity  normal  to  the  airfoil  surfaces 
convected  downstream  with  the  uniform  flow. 


The  thin  airfoil  assumptions  taken  together  with  the  approxi- 
mation of  small  unsteady,  harmonic,  compressible  perturba- 
tions on  the  basic  uniform  flow  leads  to  the  linearized  un- 
steady potential  equation.  The  airfoil  surface  boundary 
conditions  are  determined  from  the  upstream  velocity  fluctua- 
tions which  are  mathematically  equivalent  to  prescribing 
normal  relative  velocities  (or  upwash)  on  each  of  the  air- 
foils in  the  cascade.  Three  possible  normal  velocity  per- 
turbations are  considered:  (1)  an  imposed  sinusoidal 
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transverse  gust  velocity  Imbedded  in  the  freestream,  appro- 
priate for  the  experiment  described  herein;  (2)  translation 
of  the  airfoils;  (3)  torsion  about  an  axis  of  the  airfoil. 
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The  chordwise  dependence  of  the  unsteady  perturbation  pressure 
across  the  airfoil  is  determined  in  integral  form  by  obtain- 
ing the  solution  to  the  linearized  unsteady  potential  equation 
with  appropriate  boundary  conditions  by  means  of  complex 
Fourier  transform  theory.  The  unsteady  pressure  differen- 
tial is  then  calculated  by  means  of  a straightforward  inver- 
sion of  the  resulting  integral  equation  in  matrix  form,  with 
the  leading  edge  singularity  accounted  for  analytically. 

The  effects  on  the  time-variant  pressure  distributions  asso- 
ciated with  the  changes  in  the  rotor-stator  axial  spacing 
ratio  were  discussed  in  some  detail  in  the  presentation  of 
the  individual  vane  surface  data.  As  the  objective  of  this 
subsection  Is  to  present  and  discuss  the  correlation  of  the 
unsteady  pressure  differential  data  with  the  predictions 
from  the  transverse  gust  and  analysis,  the  difference  data 
have  been  nond i mens i ona 1 i zed  by  the  parameter  p • ^ 

evaluated  at  the  stator  inlet.  The  differences  associated 
with  the  changes  in  the  rotor-stator  axial  spacing  ratio  are 
thus  inherent  in  this  nond i mens i onal 1 zing  parameter.  Hence, 
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the  dimensionless  time-variant  pressure  differential  data 
for  the  two  axial  spacing  ratios  should,  and  indeed  do, 
superimpose  upon  one  another.  It  should  be  noted  that 
significant  variations  with  axial  spacing  in  the  nondimen- 
sionalizing  parameter  begin  to  become  significant  only  at 
the  highest  pressure  ratios  attainable  in  the  research  com- 
pressor, as  indicated  in  Table  Vll. 

The  first  and  second  harmonic  dimensionless  pressure  difference 
data  together  with  the  appropriate  predictions  are  arranged 
and  presented  in  terms  of  the  val-ue  of  the  incidence  angle 
on  the  vane.  The  relatively  low  incidence  unsteady  pres- 
sure differential  results  on  the  compressor  100%  corrected 
speed  line  are  presented  in  Figures  31  through  3k,  and 
those  on  the  70%  speed  line  in  Figures  35  through  46.  The 
intermediate  negative  incidence  angle  results  on  the  100% 
and  70%  speed  lines  are  presented  in  Figures  47  through  52 
and  Figures  53  and  54,  respectively.  The  large  negative 
incidence  angle  results  are  found  in  Figures  55  through  58 
on  the  100%  corrected  speed  line  and  in  Figures  59  through 
62  on  the  70%  speed  line.  The  axial  reduced  frequency  for 
these  unsteady  data  based  on  the  first  and  second  harmonic 
frequencies  range  from  6.795  to  20.20. 
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The  relatively  low  incidence  angle  dynamic  pressure  coeffi- 
cient data  generally  exhibit  very  good  correlation  with 
the  predictions  over  the  entire  vane  chord,  as  seen  in 
Figures  31  through  46. 

The  low  incidence  first  harmonic  (reduced  frequencies  from 
8.885  to  10.100)  dynamic  pressure  coefficient  data  and  theory 
decrease  in  the  chordwi se  direction,  although  the  data 
attains  a finite,  albeit  non-zero,  value  at  the  vane  trail- 
ing edge  transducer  location  (97.0%  of  the  chord).  Also, 
at  the  10%  vane  chord,  this  first  harmonic  data  generally 
appears  to  be  too  low,  to  varying  degrees,  with  respect 
to  its  neighboring  data  and  also  the  prediction. 

The  second  harmonic  (reduced  frequencies  from  17.77  to  20.20) 
dynamic  pressure  coefficient  data  and  prediction  also  de- 
crease along  the  vane  chord,  but  both  attain  a value  very 
nearly  equal  to  zero  at  the  trailing  edge  transducer  location. 
The  value  of  the  dynamic  pressure  coefficient  at  the  10% 
vane  chord  for  this  second  harmonic  data  appears  to  be  in 
good  agreement  with  both  its  neighboring  data  and  the  predic- 
tion. This  would  tend  to  preclude  the  possibility  of  a 
measurement  error  at  this  chordwi se  location  in  the  first 
harmonic  data  discussed  above.  It  should  be  noted  that  the 
finiteness  of  this  trailing  edge  dynamic  pressure  coefficient 
data  and  also  its  value  reflect  upon  the  validity  and  the 
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application  of  the  Kutta  condition  for  unsteady  flows  to  these 
hiqh  reduced  frequency  values.  It  should  be  emphasized  that 
this  data  was  normalized  with  respect  to  a vane  inlet  velocity 
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and  density  parameter.  Hence,  an  increase  or  decrease  in  Cp 
implies  a corresponding  change  in  the  magnitude  of  the  measured 
unsteady  pressure. 

The  aerodynamic  phase  lag  data  for  the  relatively  low  incidence 
angles  generally  correlates  with  the  prediction,  although  the 
data  appears  to  be  offset  in  level  on  the  order  of  60°  as 
compared  to  the  prediction.  The  first  harmonic  phase  lag  data 
is  smooth  over  the  front  half  of  the  vane,  correlating  with 
the  predictions,  but  almost  always  demonstrates  a significant 
negative  jump  in  value  at  the  50%  vane  chord  transducer  loca- 
tion. Aft  of  this  location,  this  first  harmonic  data  some- 
times increases  to  the  general  level  attained  over  the  front 
half  of  the  vane,  for  example  Figure  33,  and  other  times 
remains  at  the  decreased  level,  as  in  Figure  39.  Examination 
of  the  individual  vane  surface  data  presented  in  the  Appendix 
reveals  that  the  first  harmonic  differential  data  is  gener- 
ally dominated  by  the  pressure  surface  over  the  front  40% 
of  the  vane,  and  by  either  the  pressure  surface  or  the 
suction  surface  data  over  the  aft  portion  of  the  vane.  At 
the  50%  chord  location,  where  the  negative  Jump  in  phase  of 


33 


I 


; 

j 

the  differentia)  pressure  is  noted,  the  pressure  and  suction 
i Surface  fluctuating  pressures  are  often  equal.  Whether  the 

phase  jump  is  maintained  over  the  aft  portion  of  the  vane  ap- 
^ pears  to  correlate  with  the  cases  when  the  suction  surface 

data  is  dominant.  Similarly,  the  cases  where  the  phase  lag 
* Jump  increases  over  the  aft  portion  of  the  vane  correlates 

j with  the  pressure  surface  data  being  dominant.  It  should 

be  noted  that  the  variation  along  the  chord  of  the  individual 
I pressure  and  suction  surface  data  is  smooth. 
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The  second  harmonic  aerodynamic  phase  lag  generally  correlates 
well  with  the  predictions,  although  offset  in  level  on  the 
order  of  60°,  as  previously  noted.  The  jump  in  phase  noted 
for  the  first  harmonic  data  is  not  exhibited  in  this  second 
harmonic  data. 

The  intermediate  negative  incidence  angle  data  results  are 
presented  in  Figures  47  through  54.  Deviation  between  the 
prediction  and  the  dynamic  pressure  coefficient  and  aero- 
dynamic phase  lag  data  herein  begin  to  become  very  apparent. 

The  first  harmonic  dynamic  pressure  coefficient  data-theory 
correlation  is  good  over  the  front  60%  of  the  vane  surface, 
with  both  decreasing  in  value  in  the  chordwise  direction. 

Over  the  aft  40%  of  the  vane  chord,  the  prediction  continues 
to  decrease  whereas  the  data  generally  begins  to  Increase 
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in  value.  Analogous  to  the  relatively  low  incidence  angle 
' results  previously  discussed,  the  10%  chord  data  appears  to 

be  somewhat  decreased  in  value  when  compared  to  the  neighbor- 

1 

i ng  data  and  to  the  prediction.  However,  the  magnitude  of 
this  apparent  decrease  is  much  smaller  than  for  the  low 
incidence  angle  results.  The  second  harmonic  data-theory 
correlation  is  quite  good  over  the  entire  vane,  with  both 
decreasing  in  value  along  the  chord.  As  per  the  low  incidence 
angle  results  previously  discussed,  the  value  of  the  trailing 
edge  dynamic  pressure  coefficient  data  is  finite,  approaching 
a zero  value  for  the  second  harmonic  (reduced  frequencies 
ranging  from  14.536  to  15.114)  and  a non-zero  value  for  the 
first  harmonic  (reduced  frequencies  from  7.268  to  7.557). 

For  these  intermediate  negative  incidence  angles,  this  aero- 
dynamic phase  lag  generally  correlates  with  the  predictions 
over  the  front  50%  of  the  vane,  although  offset  in  level  on 

I 

the  order  of  75°.  Over  the  aft  portion  of  the  vane,  and 
I sometimes  over  some  of  the  front  portion  as  well,  this  phase 

lag  data  (particularly  the  first  harmonic  results)  indi- 
I cates  that  a wave  related  phenomena  is  becoming  significant. 

. This  is  evidenced  by  the  fact  that  over  these  portions  of 

the  vane,  the  aerodynamic  phase  lag  data  is  seen  to  increase 
I in  a linear  fashion  as,  for  example,  seen  in  Figure  47. 

Such  a linearly  increasing  phase  lag  means  that  an  event 
I occurring  at  one  location  on  the  vane  occurs  at  a later  time 


at  a downstream  location.  Relating  this  time  and  distance 
results  in  an  apparent  wake  convected  speed,  as  Is  discussed 
at  some  length  in  Reference  14. 

The  relatively  large  negative  Incidence  angle  results  are 
presented  in  Figures  55  through  62.  The  dynamic  pressure 
coefficient  data-pred i ct i on  for  these  points  is  similar  to 
that  for  the  intermediate  negative  incidence  angle  points. 

The  first  harmonic  data  and  prediction  generally  decrease  in 
value  over  the  front  half  of  the  vane,  with  the  prediction 
continuing  to  decrease  to  the  vane  trailing  edge.  The  data, 
however,  increases  in  value  over  the  rear  half  of  the  chord. 

The  second  harmonic  data-theory  correlation  is  generally 
quite  good  over  the  entire  vane  chord,  with  both  decreasing 
with  increasing  chord.  Again,  the  value  of  the  trailing 
edge  dynamic  pressure  coefficient  data  (97.0%  chord)  is  non- 
zero but  finite  for  the  first  harmonic  data  (reduced  frequency 
values  from  6.795  to  9.86)  and  approaches  zero  for  the  second 
harmonic  data  (reduces  frequencies  from  13.59  to  19.72). 

Also,  the  value  of  the  10%  chord  dynamic  pressure  coefficient 
data  is  substantially  reduced  in  value  as  compared  to  both 
the  neighboring  data  points  and  the  prediction  not  only  for 
the  first  harmonic  data  as  was  previously  noted  for  the  low 
incidence  data,  but  also  for  the  second  harmonic  data  for  the 

I 

f i rst  time.  j 


The  aercxJynamf c phase  lag  data  at  the  vane  leading  edge 
transducer  lcx:ation  (2.94%  chord)  correlates  extremely  well 
with  the  prediction  for  both  the  first  and  second  harmonic 
data.  However,  a wave  related  phenomena,  as  evidenced  by 
the  linear  increase  in  phase  along  the  chord  as  seen  in 
Figure  55,  for  example,  is  now  generally  present  over  the 
entire  vane  chord  for  these  large  negative  incidence  angles. 
This  is  contrasted  to  the  appearance  of  a wave  phenomena  over 
the  aft  portion  of  the  vane  for  the  intermediate  negative 
incidence  angle,  and  no  evidence  of  a wave  phenomena  for  the 
low  incidence  angle  results. 
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SUMMARY  and  CONCLUSIONS 
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The  fundamental  time-variant  aerodynamics  relevant  to  forced 
response  of  a downstream  vane  of  realistic  geometry,  with 
the  primary  source  of  excitation  being  the  wakes  from  up- 
stream rotor  blades,  were  experimentally  determined  for  two 
representative  values  of  the  rotor-stator  axial  spacing 
ratio.  The  vane  incidence  angle  ranged  from  + to  - 12^ 
and  the  reduced  frequency  from  6.795  to  20.20.  The  dynamic 
data  provided  qualitative  information  describing  the  rotor 
wake  velocity  as  a function  of  both  compressor  loading  and 
downstream  axial  distance  as  well  as  a quantitative  descrip- 
tion of  the  resulting  time-variant  pressures  induced  by 
these  wakes  on  the  surfaces  of  the  downstream  stator  vanes. 
This  vane  pressure  and  suction  surface  unsteady  data  was 
used  to  determine  the  unsteady  pressure  difference  across  a 
single  vane  and  this  difference  data  correlated  with  appropri 
predictions  from  a state-of-the-art  cascade  transverse  gust 
analys i s . 

The  rotor  wake  data  demonstrated  that  at  a constant  axial 
distance  from  the  rotor  blades,  the  wake  width  and  velocity 
deficit  increase  with  loading.  As  the  axial  distance  from 
the  rotor  increases,  the  wake  decays  much  more  rapidly  for 
high  values  of  compressor  loading  than  for  low  values. 
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The  overall  levels  of  the  time-variant  pressure  on  the  vane 
pressure  and  suction  surfaces  were  found  to  increase  with 
loading  at  approximately  the  same  rate  for  each  value  of 
the  rotor-stator  axial  spacing  ratio.  On  the  100%  speed 
line,  this  increase  in  overall  level  was  particularly  pro- 
nounced for  the  small  value  of  the  spacing  ratio.  No  overall 
differences  with  spacing  ratio  were  apparent  on  the  70% 
speed  line.  Thus,  from  this  data  it  would  appear  that  in- 
creasing the  rotor-stator  axial  spacing  is  not  a universal 
method  to  be  used  to  alleviate  forced  response  problems,  a 
result  in  agreement  with  experience. 

The  correlation  of  the  dynamic  data  describing  the  unsteady 
pressure  difference  across  the  vane  with  the  flat  plate  cas- 
cade transverse  gust  analysis  was  generally  good  for  low 
incidence  angles,  becoming  less  acceptable  as  the  incidence 
became  increasingly  negative.  This  decreased  correlation 
was  seen  to  be  due  to  the  appearance  of  a wave  related 
phenomena  coming  into  existence  on  the  vane  as  the  incidence 
angle  was  decreased. 

The  low  incidence  angle  aerodynamic  phase  lag  data  always 
correlated  with  the  prediction  over  the  front  40%  of  the 
vane.  However,  at  50%  of  the  chord,  a significant  negative 
jump  in  phase  was  generally  noted.  Over  the  rear  half  of 
the  vane,  the  phase  lag  data  sometimes  remained  at  this  level 


39 


and  other  times  increased  to  the  level  found  over  the  front 
of  the  vane.  Examination  of  the  individual  surface  un- 
steady data  revealed  that  these  results  correlated  with  the 
domination  of  the  unsteady  pressure  differential  by  either 
the  pressure  or  suction  surface  data.  This  type  of  correla- 
tion clearly  demonstrates  the  necessity  for  acquiring  individual 
surface  unsteady  data  and  then  calculating  the  pressure 
difference  as  opposed  to  measuring  this  pressure  differential 
d i rect I y . 

The  first  and  second  harmonic  dynamic  pressure  coefficient 
data  generally  decreases  in  the  chordwise  direction  and  is 
finite  at  the  trailing  edge  transducer  location  (97-0%  chord). 
The  value  of  this  trailing  edge  coefficient  for  the  first 
harmonic  data  (reduced  frequencies  from  6.795  to  10. 1 ) was 
non-zero  whereas  the  second  harmonic  value  (reduced  frequencies 
from  13.59  to  20.20)  approached  zero.  The  fact  that  this 
trailing  edge  value  is  finite,  as  well  as  its  value,  reflects 
upon  the  validity  and  the  application  of  the  Kutta  condition 
for  unsteady  flows  at  these  high  reduced  frequency  values. 
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ROTOR 

STATOR 

1 Type  of  Ai  rf oi 1 

65  Series 

65  Series 

1 

Numbe  r 

42 

40 

1 Chord,  C-in.  (Cm.) 

4.589( I * -66) 

5.089( >2.93) 

Sol idi ty,  o = C/S 

1.435 

1 .516 

■ Camber,  - Deg. 

20.42 

48.57 

1 Aspect  Ratio,  AR  = S/C 

1 .046 

0.943 

1 

Leading  Edge  Radi  us/C 

0.0044 

0.0049 

1 Trailing  Edge  Radius/C 

0.0028 

0.0030 

Inlet  Angle,  - Deg. 

59.38 

37.84 

■ Exit  Angle,  $2  ~ Deg. 

42.41 

0.00 

1 Loss  Coefficient 

0.043 

0.056 

1 

Diffusion  Factor 

0.449 

0.410 

1 Rotor-Stator  Axial  Spaci ng - i n . ( Cm. ) 

1 .485(3.772) 

Flow  Rate 

31.02  Ib/sec. 

(14.07  Kg/Sec) 

» Tip  Speed 

183.5  ft/sec. 

(5593.1  Cm/Sec) 

1 Rotational  Speed 

876.3  rpm 

1 

Stage  Pressure  Ratio 

1 .0125 

^ Inlet  Tip  Diameter 

48.01  in.  (121 

1 .95  Cm) 

Hub/TIp  Radius  Ratio 

1 

0.80 

1 Stage  Efficiency,  Percent 

88.1 

I TABLE  I.  AIRFOIL  MEAN  SECTION  CHARACTERISTICS  AND 

COMPRESSOR  DESIGN  POINT  CONDITIONS 

li 


COMPRESSOR 


Research  Bu  Md  #I 
Research  Build  #2 


NUMBER  OF 

stages 


AVERAGE  ROTOR-STATOR  AXIAL  SPACING* 


0.4909 


0.4619 

0.3318 

0.1534 

0.2374 

0.4305 


♦Measured  at  mid -span. 


TABLE  II.  DESCRIPTION  OF  FOUR  ADVANCED  DESIGN 
COMPRESSORS  AND  RESEARCH  COMPRESSOR 
ROTOR-STATOR  AXIAL  SPACING  RATIOS 
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pressure 

SURFACE 

SUCTION 

SURFACE 

x/c* 

Y/C* 

X/C* 

Y/C* 

- 

45.04 

8.102 

55.01 

8.184 

- 

44.08 

8.550 

54.82 

7.895 

- 

42.30 

8.182 

53.68 

7.324 

- 

40.45 

7.701 

47.96 

4.655 

- 

38,01 

7.029 

43.41 

2.749 

- 

35.95 

6.465 

37.76 

0.656 

- 

33.77 

5.889 

33.28 

- 0.784 

- 

30.90 

5.166 

28.85 

- 2.018 

- 

28.48 

4.594 

23.40 

- 3.272 

- 

25.94 

4.038 

19.12 

- 4.052 

- 

22.60 

3.368 

14.91 

- 4.641 

- 

19.81 

2.863 

9.79 

- 5.125 

- 

16.15 

2.274 

5.81 

- 5.317 

- 

13.10 

1.847 

.98 

- 5.341 

- 

9.93 

1.460 

- 

2.75 

- 5.197 

- 

5.61 

1.045 

- 

6.35 

- 4.926 

- 

2.37 

0.778 

- 

10.67 

- 4.417 

I.J7 

0.576 

- 

13.98 

- 3.893 

5.77 

0.432 

- 

17.16 

- 3.278 

9.58 

0.413 

- 

20.93 

- 2.401 

14.50 

0.525 

- 

23.79 

- 1.631 

18.57 

0.739 

- 

27.18 

- 0.595 

22.75 

1.077 

- 

29.74 

0.273 

28.12 

1.698 

- 

32.16 

1.171 

32.53 

2.376 

- 

34.99 

2.323 

37.04 

3.232 

- 

37.11 

3.258 

42.80 

4.594 

- 

39.10 

4.205 

47.47 

5.940 

- 

41.39 

5.402 

53.39 

7.984 

- 

43.06 

6.382 

54.58 

8.446 

- 

44.57 

7.442 

^Expressed  in  percent 


TABLE  III.  STATOR  MEAN  PROFILE  COORDINATES 
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1 

► !. 

I 

PRESSURE  SURFACE  AND  SUCTION  SURFACE 

i 

j 

^ PERCENT  VANE  CHORD 

^ 2.94 

j 10.0 

20.0 

I 30.0 

. 40,0 

* 50.0 

j 60.0 

70.0 

j 80.0 

, 90.0 

I ^ 97.0 

t 

! [ 

[ 

I r 

I table  IV.  CHORDWISE  LOCATION  OF  DYNAMIC 

PRESSURE  TRANSDUCERS 

i: 

c 

li 
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NOMINAL  QUANTITIES: 

Vab5  “ *22  feet/second  (37* *8  meters /second ) 

^BS  = 37.5° 

R = 2J.6  In.  (54.9  cm.) 

RPM  = 876 


■PROBE 


= 43.20° 

= 0.317  in.  (0.805  cm.) 


PERTURBATION 

+0.1  in.  (.25  cm.)  Radial 

± 2°  ^BS 
- ''abs 

+ 10%  LpBQgg 

+0.1  in.  (.25  cm.)  Axial 

+0.1  in.  (.25  cm.)  Circumferential 


RESULTING  PHASE 
LAG  ERROR 


+ 4.5' 
+ 10° 


table  V.  POTENTIAL  SOURCES  OF  ERROR 


UNLOADED  CONDITION 


FIRST  harmonic  PHASE( DEGREES ) SECOND  HARMONIC  PHASE( DEGREES ) 


% CHORD 

RUN  1 

RUN  2 

RUN  1 

RUN  2 

2.94  P 

- 210 

- 211 

- 94 

- 105 

10. 0 P 

- )7 

- 25 

2 

- 10 

20.0  P 

- 176 

- 175 

- 213 

- 218 

30.0  P 

- 269 

- 272 

- 63 

- 65 

2.94  S 

33 

27 

- 176 

- 184 

10.0  S 

25 

8 

- 124 

- 135 

20.0  S 

- 242 

- 244 

- 159 

- 170 

30.0  S 

- 271 

- 278 

- 23 

- 23 
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40.0  S 

- 225 

- 229 

- 125 

- 316 

60.0  S 
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97.0  S 

62 

55 
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TABLE  VI.  AERODYNAMIC  PHASE  LAG  DATA  REPEATABILITY  FOR 
LOADED  AND  UNLOADED  CONDITIONS  ON  THE 
100%  SPEED  LINE 
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TABLE  VM.  STEADY-STATE  DATA  IDENTIFICATION  AND  DESCRIPTION 
OF  TIME -VAR  I ANT  PARAMETERS 


SUSPECT  MODE 


FIGURE  I 


FREQUENCY-SPEED  DIAGRAM  FOR  A ROTOR  BLADE 
IN  WHICH  A CRACK  WAS  FOUND 


FIGURE  2.  CALCULATED  MODE  SHAPE  FOR  THE  RESONANCE  OF 
ROTOR  IN  WHICH  A CRACK  WAS  FOUND 
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FIGURE  6.  VIEW  OF  40  VANE  STATOR  ROW 
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FIGURE  8.  SCHEMATIC  SHOWING  HARDWARE  TO  REDUCE  ROTOR-STATOR  AXIAL  SPACING 


FIGURE  9.  SCHEMATIC  OF  STEADY-STATE  INSTRUMENTATION  AND  COMPRESSOR  FLOW  PATH 


CURE  10.  DYNAMICALLY  INSTRUMENTED  STATOR  VANES 


SCHEMATIC  OF  DYNAMIC  INSTRUMENTATION 


VIEV/  Of  CROSS-WIRE  PROBE  AND  INSTRUMENTED 
VANE  SUCTION  SURFACE 


BHByMEp  ,' ,' J 

M i 'mIH 

IK''  ' ■^'Li9^'.  oHk 

'-^v' 

B' ' 

'r:  . '. 

BS&JtiTy.iif'  ^.K' 

7TM‘f:?_:T-;.^^.r^.'‘ 

1 ■-- .^igg  — MHfS 

‘ 4- ' 

1 Ts- * i 

H|fi|l||||!^^r^;'^  ^ PGuBpR 

FIGURE  15.  SCHEMATIC  OF  ON-LINE  COMPUTER  CONTROLLED  DATA  ACQUISITION  SYSTEM 
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FIGURE  16.  EXAMPLE  OF  ON-LINE  ANALOG 
AVERAGED  SIGNALS 
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FIGURE  21.  EFFECT  OF  LOADING  ON  THE  ROTOR  WAKE  PROFILE 


DATA  POINT  IDENTIFICATION 


UNSTEADY  PRESSURE  MAGNITUDE  ( Kl LOPASCALS ) 


FIGUF-E  24.  UNSTEADY  PRESSURE  MAGNITUDE  ON  THE 

VANE  SURFACE  FOR  DATA  POINTS  2 AND  10. 
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FIGURE  28,  UNSTEADY  PRESSURE  MAGNITUDE  ON  THE 

VANE  SURFACE  FOR  DATA  POINTS  6 AND  14, 
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FIGURE  29. 


PERCENT  VANE  CHORD 


UNSTEADY  PRESSURE  MAGNITUDE  ON  THE 
VANE  SURFACE  FOR  DATA  POINTS  7 AND  15 
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PERCENT  VANE  CHORD 


FIGURE  30.  UNSTEADY  PRESSURE  MAGNITUDE  ON  THE 

VANE  SURFACE  FOR  DATA  POINTS  8 AND  16, 
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THE  effect  of  rotor-stator  AXIAL  SPACINO  ON  THE  TImE-VARIANT  AE— ETC(U) 
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FIGURE  31.  CHORDWISE  DATA  FOR  FIRST  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FP.OM  REFERENCE  7 FOR  POINT  3 FOR 
AN  AXIAL  SPACING  RATIO  OF  0.2374 
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FIGURE  32. 


CHOROWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  3 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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CHOROWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  4 
FOR  AN  AXIAL  SPACING  RATIO  OF  0,2374 
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FIGURE  36.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  II 
FOR  AN  AXIAL  SPACING  RATIO  OF  0,4305 
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DYNAMIC  PRESSURE  COEFFICIENT  (C 
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PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  12 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.4305 
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FIGURE  40.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  7 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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DYNAMIC  PRESSURE  COEFFICIENT  (C 


PRESSURE  COEFF 


PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  8 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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FIGURE  U3.  CHOROWISE  DATA  FOR  FIRST  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  l5 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.4305 
94 
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FIGURE  46.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  16 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.4305 
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FIGURE  47.  CHORDW^SE  DATA  FOR  FIRST  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  2 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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FIGURE  50.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  ?0 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.4305 
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FIGURE  52.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  6 
FOF.  AN  AXIAL  SPACING  RATIO  OF  0.237A 
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FIGURE  53.  CHORDWISE  DATA  FOR  FIRST  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  14 
FOR  AN  AXIAL  SPACIN^  RATIO  OF  0.4305 
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FIGURE  55.  CHORDWISE  DATA  FOR  FIRST  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  I 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.237A 
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FIGURE  56.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  1 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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FIGURE  58.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  9 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.4305 
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FIGURE  60.  CHORDWISE  DATA  FOR  SECOND  HARMONIC  UNSTEADY 
PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  5 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.2374 
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PRESSURE  DIFFERENCE  ACROSS  THE  VANE  AND 
PREDICTION  FROM  REFERENCE  7 FOR  POINT  l3 
FOR  AN  AXIAL  SPACING  RATIO  OF  0.A305 
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1.U41 

5U  . OU 

0 . fa  / u 

u.7yu 

-3B1  . 

-4  1)  . 0 U 

0 .bH  5 

-b'J /, 

U . 7ttb 

-3  fa . 

bU  . uu 

0,7bb 

-4yb. 

u.by7 

-3B3. 

bU  . uu 

O.bbb 

-Hoa. 

U.b3i» 

-3B4. 

7U.U0 

0,‘tb7 

-4‘#4. 

0.bB3 

-3/B. 

bU.UU 

O.HHb 

-4Ub. 

U ,44U 

-3B5. 

•sU.OO 

O.iiAH 

-43b. 

U.3Bfa 

-b/7. 

•rJ/.OO 

-IIU. 

0,i!7iJ 

-387  . 

DATA  POINT  4 - SECOND  HARMONIC 


AXIAL  LUCAUuAi 

sue  n UN 

SUKP ACt 

PKLSSUKE 

SUKPACL 

PtKLLM  UP  CHOKU 

AMPLIlUUt 

PHASL 

AMPUlTUUt 

PHASE 

2 .'i‘4 

2.UU0 

-530. 

0.  /9b 

-313. 

lU  . UU 

0.61/ 

-420. 

0.39/ 

-315. 

^J.UU 

U.221 

-22/. 

0.202 

-320. 

iU.UU 

O.OttU 

-502. 

U.lbb 

-362. 

HO.UU 

o.ohh 

-390. 

0.160 

-30b. 

bU.UU 

O.liil 

-459. 

0.202 

-406. 

bO.UU 

0.2bU 

-441. 

0.206 

-411. 

7U.UU 

0.216 

-460. 

0.252 

-434  . 

bU.UU 

o.2be 

-45tt. 

0.271 

-433. 

yo.ou 

0,2H9 

-451. 

0.250 

-429. 

97. oy 

0.2H5 

-449. 

0.233 

-415. 

A.8 


I 

I 

I 


DATA  POINT  5 - FIRST  HARMONIC 


I 


I 


t 


1 


I 


I 


AXIAL  location 

sucriuM 

SUKFaCL 

PKLSSUHE 

SURFACE 

PLKCEUT  OF  CHOKO 

AMPLITUUL 

PHASE 

AMPLITUDE 

PHASE 

1.7bH 

-19*. 

6,446 

-396. 

lU.UU 

0.8^<^ 

-211. 

0,936 

-251. 

^U.OU 

0.2^6 

-1*4. 

0.762 

-334  . 

^U,OU 

0,4fa0 

-171. 

0.06* 

-416. 

HU.OU 

o.^:>b 

-21  /, 

0.260 

-24*. 

3U.UU 

0.2*1 

-2bfa. 

0.263 

-297. 

bO.UU 

0.5*6 

-301. 

0.1*6 

-311, 

70,00 

0»3i:5 

-364. 

0.146 

-2*1, 

bO  . OU 

0.1*6 

-46*. 

0.224 

-268, 

. OU 

0.2^5 

-2*4. 

0,116 

-292, 

9/, 00 

0,402 

-327, 

0,0*2 

-364, 

A -9 


DATA  POINT  5 - SECOND  HARMONIC 


axial  LOLATIoKi 

SUCTION 

SUKFACL 

HKLSSUKL 

SUKF aCL 

PLhCfcNl  OF  LHOMU 

MhPLllUUE 

PHASE 

AMPLlTUUt 

PHASL 

O.bib 

-420. 

2 .6b9 

-903. 

iO.UU 

0.776 

-307. 

^'O.OU 

0.249 

-412. 

0.152 

-510. 

^U.UU 

O.Obl 

-366. 

0.202 

-371  . 

•♦0.00 

0.240 

-954. 

0.052 

-901. 

bO.OU 

0.1X0 

-609. 

0.155 

-390. 

bO.UU 

0.312 

-912. 

0.103 

-379. 

/O.OU 

0.062 

-600. 

0.110 

-379. 

bO.OU 

0.201 

-929. 

0.10b 

-300. 

vo.uu 

0.091 

-356. 

0.097 

-300. 

b/.OO 

0.19H 

-911. 

0.077 

-395. 

I r A-IO 

\' 

{ 

■ I ‘ ' - - - 


I 
! 
i 
I 
I 
I 
( 

[ 

! 
t 

! 

1 

I 

r 

r 

c 


DATA  POINT  6 - FIRST  HARMONIC 


AxlrtL  LUCrtllo'g 

suction 

SUKH ACL 

PrttsSUKE 

sukpacl 

f’LKLE'Jl  U»-  LMOKb 

AriPLnuut. 

KHAbL 

AMHL  Tout 

MHASL 

1 .bU^ 

-1«1. 

2.425 

-5b7. 

lll.UU 

0.4bi 

-166. 

U.«bt> 

-540. 

;e!U.Ou 

0.79b 

-32b. 

AO.UU 

0.207 

-154, 

0,621 

-324. 

4u.au 

U.12U 

-26  / . 

U.3b2 

-329. 

3U.UU 

0.2b6 

-306. 

U,37b 

-31b. 

bU.UU 

0.7/6 

-322. 

O.bbb 

-■32b. 

/u . uu 

0.667 

-36U. 

U.24  7 

-348. 

bU.UU 

0.22</ 

-379. 

0.210 

-349. 

^fU.UU 

0.5b9 

-310. 

U.17b 

-403. 

y7,uo 

0.9b9 

-33b. 

U.2bl 

-405. 

A-n 


- 


DATA  POINT  6 - SECOND  HARMONIC 


r 


AAIAL  LULMlIO'i 

sue  riuivj 

SUKP ACL 

I’KtSSUKL 

SUKP ACL 

PLKLtlT  OP  CHdKU 

amplituue 

HHASL 

AhHLlTUUL 

phasl 

ri. 

n .bSA 

U .61b 

-b/b. 

lu.uu 

U . Ibb 

-49U, 

U.44b 

-296. 

^U.UU 

-b2b. 

U.124 

-261  . 

^0,  UU 

O.lHb 

-264. 

U.12U 

-■324. 

H 0 . U U 

O.liJl 

-46fa, 

U.Ob/ 

-264  . 

SU.UU 

-2b/. 

0.106 

-343. 

bU.UU 

-42y. 

0.0/4 

-332. 

/U.UO 

O.lUl 

-ilb. 

u.o/y 

-3b3. 

UJ.OU 

O.lb/ 

-46  /. 

0.096 

-400. 

yu.ou 

O.lbY 

-421. 

U.lUU 

-413. 

y /.ou 

0,2^0 

-4b2. 

o.oyb 

-479. 

I 

I 


, 

1 

- 1 

DATA  POINT  7 - FIRST 

HARMONIC 

f 

1 

1 

\ 

} 

AXIAL  LOCATION 

SUCTION 

SUKFACw 

PRESSURE 

surface 

1 

PEHCENT  OF  CHORD 

amplitude 

PHASE 

AMPL . TUUE 

phase 

i 

0.961 

-^46. 

1.94b 

-669. 

[■ 

10. UU 

0.67^ 

1.296 

-627. 

t 

;do.ou 

0.19a 

-670. 

1.176 

-626. 

1 

60. UU 

O.lUb 

-60  7. 

0.75b 

-61b. 

1 

40. UU 

0.3a4 

-604. 

0.76b 

-608. 

( 

60. OU 

o.bbb 

-607. 

0.709 

-61b. 

1 

bO.UU 

0.966 

-666. 

0.b76 

-615. 

70. UU 

O.bbi; 

-66fa  . 

0.489 

-600. 

1 

au.uu 

o.Tu;? 

-614. 

0.45b 

-297. 

90.00 

o.abi 

—66a . 

0.267 

-265. 

1 

1 

1 

97.00 

0.899 

-644. 

0.166 

-286. 

1 t 

1 

1 

* 1 

1 

1 

ll 

> 

A-I3 

I 

g|l^  r DATA  POINT  7 _ SECOND  HARMONIC 

I 

I 

I 

I 


AXIAL  LUCATlON 

SUCTION 

SURFACE 

PRESSURE 

SURFACE 

PEKCENT  UF  CHORD 

AMPLITUUE 

PHASE 

AMPLITUUE 

PHASE 

0.71A 

-4bO. 

U.bOb 

-507. 

10. OU 

0.197 

-474. 

0.244 

-296. 

20. OU 

0,2f6 

-499. 

0.174 

-279. 

^O.OU 

0.06/ 

-24b. 

U.0b2 

-2oe> 

40.00 

0.094 

-49b. 

U.117 

-291. 

bO.OU 

0.076 

-294. 

0.06b 

-289. 

60. OU 

0.019 

-250. 

0.097 

-510. 

70. OU 

0.0A6 

-582. 

0.076 

-508. 

60. OU 

0.0d7 

-435. 

0.055 

-A69. 

90.00 

0.061 

-429. 

U.094 

-551. 

97. OU 

0.002 

-410. 

0.09b 

-337. 

A-14 


DATA  POINT  8 - FIRST  HARMONIC 


AXIAL  LUCATlON 

suction 

SUKFACL 

PHtSSUKE 

SURFACE 

PtKLEfjT  OF  CHORD 

AHPLITOUE 

PHASE 

AMPLITUDE 

PHASE 

2.5b0 

-19b. 

1.98b 

-350  . 

lU.UU 

0.419 

-5b9. 

1.3bb 

-344. 

20. UU 

O.bUO 

-426. 

1.099 

-343. 

50. UU 

o.otta 

-399. 

0.852 

-341. 

40.00 

0.590 

-539. 

0,7/8 

-340. 

bO.OU 

0.720 

-3bb  . 

0,702 

-544. 

bO.OU 

0.764 

-560. 

0,73/ 

-542. 

70.00 

0.69b 

-5b0. 

0.589 

-342. 

bO.OO 

0.842 

-357. 

0.559 

-345. 

*^0.00 

0.760 

-357, 

0,434 

-342. 

97.00 

0.924 

-353. 

0,377 

-344. 

I 

i 

I 

j 

■ i 

I 

I 

I 


A-I5 


1 

( 


DATA  POINT  8 - SECOND  HARMONIC 


I 

I 

I 


AXIAL  LOCATION 

SUCTION 

SURFACE 

PRESSURE 

SURFACE 

1 PtKCENT  OF  CHORD 

AMPLITUOE 

PHASE 

AMPLITUDE 

PHASE 

2.1iiH 

-520. 

0.605 

-317, 

1 lU.OU 

0.705 

-<♦34, 

0'  200 

-309. 

2U.0U 

0,2H8 

-213, 

0.163 

-302. 

j ^O.UU 

0.106 

-49/. 

0.132 

-304. 

HO.UU 

0.006 

-297. 

0.122 

-307. 

1 50. OU 

0.029 

-244. 

0.105 

-315. 

* bO.OO 

0.095 

-365  . 

0.11  ! 

-326. 

I 70,00 

0.050 

-340. 

0.102 

-335. 

1 <50.00 

0.090 

-414. 

0,107 

-357. 

90.00 

0.096 

-407, 

0.130 

-351. 

97,00 

0.095 

-414, 

0.143 

-354. 

I 

I 

I 


'r 


I 

I 


A. 16 


DATA  POINT  9 - FTRST  HARMONIC 


AXIAL  LOCATION 

SUCTION 

SURFACE 

PRESSURE 

surface 

PEHCENT  OP  CHORD 

AMPLITUDE 

PHASE 

AMPLITUDE 

phase 

l.lSfe 

-I7b. 

fa. 937 

-3bfa. 

10. OU 

O.lbb 

-199. 

0.919 

-216. 

.iO.OU 

0.993 

-93b. 

0.899 

-590. 

^U.UU 

0.512 

-120. 

0.;>8b 

-907. 

HO. 00 

0.12b 

-22b. 

0.102 

-506. 

bO.OU 

O.lbb 

-51b. 

0,179 

-356  • 

60.00 

O.lbb 

-330. 

0.091 

-399. 

70.00 

0.226 

-901. 

0.121 

-339. 

00.00 

0.395 

-13b. 

0.075 

-399. 

90.00 

0.917 

-189. 

0.161 

-393. 

97.00 

0.2b2 

-193. 

0.150 

-3b2. 

A-17 


f 

F 

f 

F 


DATA  POINT  9 -SECOND  HARMONIC 


AXiAL  LOCATION 

SUCTION 

SUKFACt. 

PRL  SURE 

SURFACE 

PEKCENI  OF  CHORO 

AMPLITUOE 

PHASE 

AHPLITUUE 

PHASE 

2.9H 

0.722 

-528. 

2.161 

-412. 

10. UU 

0.155 

-H61. 

0.898 

-314. 

20.00 

0.152 

-516. 

0.021 

-176. 

30. OU 

0.106 

-365. 

0,210 

-370. 

HO. 00 

0.179 

-H56. 

0,079 

-340. 

50.00 

0.093 

-273. 

0,051 

-409. 

bO.OO 

0.158 

-H13. 

0,019 

• 406. 

70.00 

0.0/3 

-552. 

0.030 

-^^85. 

60.00 

0.113 

-H73. 

0.050 

-503. 

90.00 

O.U5b 

-527. 

0.080 

-523. 

97.00 

0.131 

•466. 

0,096 

-168. 

A>I8 


I 

I 


DATA  POINT  10  - FIRST  HARMONIC 


I 


AXIAL  LUCATlON 

SUCTION 

SUKFACt 

PHLSSURE 

surface 

! peklent  of  choku 

t 

amplitude 

PHASE 

AMPLITUDE 

PHASE 

0.090 

-176. 

1.951 

-397. 

< 10. ou 

0.0/b 

-332. 

O.bOO 

-350. 

iiU.OU 

0.513 

-415. 

0.549 

-343. 

j 50. UU 

0.2HO 

-422. 

0.409 

-344  , 

HO. 00 

0.16b 

-353. 

0 372 

-352  . 

bO.OO 

} 

60.00 

0.299 

-330. 

0.312 

-336. 

0,426 

-342. 

0.363 

-339. 

. 70.00 

0.306 

-365. 

0,269 

-3b2. 

j 00.00 

0.19b 

-150, 

0.132 

-324. 

90.00 

1 

0.2bl 

-219, 

0.205 

-326. 

j 97.00 

O.lOii 

-150, 

0.157 

-179. 

1. 

I 

I 

I. 

I 


A-19 


DATA  POINT  10  - SECOND  HARMONIC 


I 


AXIAL  location 

SUCTION 

SURFACE 

PRESSURE 

SURFACE 

1 PEKCENT  OF  CHORD 

t 

AhPLiTUUE 

PHASE 

AMPLITUDE 

PHASE 

2.9*4 

0.616 

>525. 

0.45/ 

-362. 

‘ 10. OU 

0.291 

-494. 

0.387 

-332. 

20.00 

0.249 

-509. 

0.306 

-356. 

1 50. OU 

0.096 

— 366  . 

0.311 

-373. 

40. OU 

0.265 

-433. 

0.239 

-363. 

i 50. OU 

0.191 

-372. 

0.278 

-363. 

' 60. OU 

0.300 

-412. 

0.192 

-361. 

I TO.UU 

0.121 

-386. 

0.160 

-362. 

1 60. OU 

0.169 

-450, 

0.063 

-366. 

sC 

o 

• 

o 

o 

0.126 

-451. 

0.049 

-346  . 

{ 97.00 

0.232 

-478. 

0.016 

-214. 

p 


DATA  PO^NT  11  - FIRST  HARMONIC 


I 

I 


1 

i 


AXIAL  LOCATION 

suction 

SURFACE 

PRESSURE 

surface 

i 

PEHCENl  OF  CHORD 

amplituue 

PHASE 

AMPLITUDE 

phase 

2.9H 

O.biib 

-16H. 

1.122 

-368. 

i 

10. UU 

O.OBO 

-93. 

0.760 

-3bl . 

20. UU 

O.Hb2 

-73. 

0.6H9 

-364. 

\ 

f 

AO. 00 

0.29b 

-7H. 

0,41b 

-3b4  . 

HO. 00 

0.191 

-36b. 

0,46B 

-347. 

m 

\ 

bO.OU 

0.39H 

-356. 

0.378 

-356, 

1 

bO.OO 

0.393 

-381. 

0.341 

-A47. 

t 

70.00 

O.lbu 

-37  7. 

0.336 

-347, 

1 

BO.OO 

0.172 

-36H. 

0,250 

-362, 

90.00 

0.107 

-81. 

0.25b 

-341, 

1 

97.00 

0.177 

-131. 

0,184 

-<d28. 

I 

f 

\ 


r 

11 

r A.2I 


! 


p i DATA  POINT  II  - SECOND  HARMONIC 


AXIAL  LOCATION 

SUCTION 

SURFACE 

PRESSURE 

surface 

PEKCENT  OF  CHORD 

akplituue 

PHASE 

AMPLITUDE 

PHASE 

0.7B7 

>161. 

U.641 

-445. 

10. OU 

0.2bl 

•161. 

U.412 

-4bl. 

20.0U 

0.2H2 

-161. 

0.302 

-3b7. 

^O.UU 

0.09^ 

-*♦24. 

0.402 

-366  . 

HO.OU 

0.1  70 

-436. 

0.307 

-371. 

bO.OU 

0.2t>b 

-414. 

0,330 

-480. 

60. OU 

0.267 

-414. 

0.302 

-379. 

70.00 

0.217 

-41B. 

0.2b6 

-462 . 

BO.OU 

0.21b 

-422. 

U,20U 

-367. 

90. OU 

0.11b 

-440. 

0.154 

-392. 

• 

O 

c 

0.1H7 

-457. 

0.131 

-399. 

I 

{ 


I 

I 


I DATA  POINT  12  - FIRST  HARMONIC 

I 

I 

1 


AXIAL  LOCATION 

SUCTION 

SUKFACL 

HHLSSURb 

SURF ACL 

PtKCENT  OF  CHORD 

AMPLITUUE 

PHASL 

AMPLlTUUt 

PHASL 

2.^4 

2. 634 

-189. 

1.041 

-336. 

lU.UU 

0.^21 

-379. 

0'  800 

-345. 

2U.0U 

O.Hlti 

-80. 

0.571 

-331. 

iU.OO 

0.136 

-399. 

0.444 

—336  . 

HO.OU 

0.2/0 

-34/. 

0.449 

-337. 

bO.OU 

0.374 

-348. 

0.338 

-335. 

bO.OU 

0.302 

-356. 

0.337 

-331. 

70,00 

0.1/3 

-346. 

0.312 

-333. 

bu.oo 

0.132 

-354. 

0.228 

-336. 

9U.OU 

0.0/0 

-47. 

0.256 

-334. 

97.00 

0.099 

-102. 

0,173 

—330  . 

1 

I 

I 

I 


DATA  POINT  12  - SECOND  HARMONIC 


axial  location 

SUCTION 

SURFACE 

PRESSURE 

SURFACE 

PEKCENT  OF  CHORD 

AMPLITOOE 

PHASE 

AMPLITUDE 

PHASE 

2.9H 

1.41b 

-207. 

0.611 

-344. 

10. UU 

0.50b 

-149. 

0.394 

-352. 

20. OU 

O.lba 

-149. 

0.302 

-354. 

iO.OU 

0.006 

-100. 

0.289 

-364. 

40.00 

0.1/2 

-427. 

0.292 

— 368  . 

> bO.OU 

0.241 

-409. 

0.288 

-3/6. 

60.00 

0.204 

-411. 

0.28b 

-377. 

70.00 

0.243 

-413. 

0.246 

-484. 

ao.ou 

0.224 

-423. 

0.202 

-392. 

90.00 

0.147 

-426. 

0.183 

-385. 

97.00 

0.105 

-444. 

0.083 

-418. 

A-24 


* 


I 

! DATA  POINT  13  - FIRST  ^RMONIC 

I 

I 


axial  LUCATlON 

SUCTION 

SURFACE 

PRESSURE 

surface 

PLKtENT  OF  CHORD 

AMPLITUDE 

PHASE 

AMPLITUDE 

phase 

2.94 

1.542 

-179. 

6,767 

-370. 

10. OU 

0.6/7 

-196. 

1.241 

-244. 

20. UU 

0.162 

•132. 

1.232 

-313. 

AO.OU 

0.301 

-156. 

0.397 

-326. 

40. OU 

0.294 

-250. 

0,394 

-260. 

50. OU 

0.366 

-290. 

0,476 

-299. 

60. OU 

0.579 

-301. 

0.365 

-309. 

70. OU 

0.607 

-333. 

0.306 

-267. 

ao.ou 

0.179 

-361. 

0.352 

-300. 

90. OU 

0.476 

-272. 

0.236 

-310. 

97.00 

0.621 

-307. 

0.220 

-A34. 

r 


I 

I 

! 

! 

I 

i 

i 

! 


I 

r- 

i 

I 

I 


DATA  POINT  13  - SECOND  HARMONIC 


AXIAL  LUCAliOU 

SUCTIUIm 

SUKPACL 

PKtSSUKL 

suhpall 

PLMLfM  UP  LHOHJ 

AhPLITUUt 

PHAbL 

AhHLIlUUL 

phase. 

0*tiLd 

-bib. 

2,liy 

-397, 

lU.  UU 

n,i  /d 

-bOl. 

U,7i8 

-281  . 

<!U.UU 

-bib. 

u,iyy 

-bib. 

dO  • UU 

u.o/u 

-281, 

0,133 

-342. 

O 

• 

c 

c 

o.lbl 

-46b, 

0,0bb 

-211. 

r>o.uo 

U.2UU 

-2ib, 

U,02b 

-377. 

bU.UU 

0,227 

-40?, 

0,01^ 

-32b. 

;u.  uu 

9. Hi 

-238, 

U,Oly 

-387. 

MU  . Uu 

U.liO 

-43y, 

0.027 

-349. 

■i^U.Uu 

O.O^b 

-328, 

0.017 

-387. 

y7.UU 

o.i/y 

-411, 

o.oiy 

• 382  • 

I, 

I 
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I 

I DATA  POINT  14  - FIRST  HARMONIC 


I 

I 

I 


axial  location 

SUCTION 

SUHFACL 

PKLSSUKE 

surface 

• 1 PCKCCNT  OF  CHORD 

amplitude 

PHASE 

amplitude 

PHASE 

l,H52 

-191. 

1.892 

-363. 

1 10. ou 

o.suo 

-201. 

1.089 

-316. 

20. OU 

0.086 

•392. 

1.105 

-308. 

1 50. OU 

0.128 

-206. 

0.867 

-313. 

1 * HO, 00 

0.306 

-303. 

0.586 

-310. 

1 bo.oo 

O.HHH 

-312. 

0.659 

-299. 

1 60.00 

0,989 

-32H. 

0.795 

-309. 

1 - 70,00 

0.808 

-352. 

0.923 

-305, 

1 80.00 

j 

0.376 

-305. 

0.395 

-309. 

1 90.00 

1 * 

0.932 

-310. 

0.276 

-293, 

1 97.00 

1.186 

-332. 

0.175 

-330  • 

I 


DATA  POINT  14  - SECOND  HARMONIC 


AXIAL  LOCATION 

SUCTION 

SURF ACL 

PRESSURE 

SURFACE 

pckcent  of  choru 

AHPLITUUE 

PHASE 

AMPLITUUE 

PHASE 

i!.9H 

0.7^6 

-376. 

0.324 

-214. 

10.00 

0.144 

-34  7 . 

0.321 

-142. 

20.00 

0.193 

-379. 

0.106 

-131 . 

^0.00 

0.133 

-143. 

0.163 

-133. 

40.00 

0.112 

-303. 

0.096 

-125. 

bO.OU 

0.230 

-137, 

0.066 

-133. 

60.00 

O.lbS 

-281. 

0.091 

-134. 

70.00 

0.173 

-177. 

0.073 

-147. 

60.00 

0.0S>7 

-327. 

0.062 

-137. 

90.00 

0.139 

-247, 

0.060 

-157. 

O 

o 

• 

0.131 

-310. 

0.061 

-166. 

I 

I 

I'  I , 

: i! 

? I 
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1 

j DATA  POINT  15  - FIRST  HARMONIC 

I 

I. 

I 


AXIAL  LOCATION 

SUCTION 

SURFACE 

PRESSURE 

SURFACE 

PEKCENT  OK  CHORD 

AMPLITOUC 

PHASE 

AHPLITUUE 

PHASE 

1.096 

-290. 

1.522 

-397. 

10. ou 

O.blO 

-236. 

1.197 

-331. 

o 

• 

o 

CM 

0.05b 

-33b. 

0.981 

-533. 

50.00 

0.0B6 

-291. 

0.66b 

-325. 

<to.oo 

0.39H 

-301. 

0.657 

-321. 

bO.OO 

0.691 

-322. 

0.579 

-323. 

60.00 

0.711 

-390. 

0.610 

-315. 

70.00 

0.9B9 

-32B. 

0.999 

-313. 

BO.OO 

0.6BB 

-331. 

0.908 

-315. 

90.00 

0.56H 

-351. 

0,171 

-317, 

97.00 

0.6b7 

-399, 

0.123 

-315. 

DATA  POINT  15  - SECOND  HARMONIC 


AXIAL  LULATION 

SUCTION 

SUHFACb 

PKLSSUKL 

SU4<FACL 

MtKLE^iT  OF  LHOHO 

«hHLITUUe 

PHASE 

AMPLITUDE 

PHASE 

2.^*4 

0.5*46 

-520. 

0.556 

-554. 

10. OU 

0.1/2 

-526. 

0.257 

-555, 

20. UU 

0.205 

-16b. 

0.156 

-542, 

^O.UU 

0.027 

-51b. 

0.065 

-545. 

•40. UU 

0. 0*4*4 

-199. 

0.066 

-54b, 

!}0.0U 

O.OHl 

-566, 

0,070 

-546. 

bO.OU 

0.045 

-549, 

0.069 

-544, 

• 

c 

c 

0.016 

•465  , 

0,045 

-579, 

dU.UU 

0.051 

-459. 

0.056 

-594, 

yo.uu 

0.022 

-456. 

0.069 

-406. 

97.00 

0.051 

-464. 

0.065 

-597, 

I 

1 DATA  POINT  16  - FIRST  HARMONIC 


1 

I 

I 


AXlnL  LOC/»Tl(irj 

SUCTIUN 

SUHFrtCt 

PrtL  .SUKE 

SUHFaCE' 

i PLKcf.',  1 Oh  CHOHU 

t 

AMPLITUUE 

PHASE 

AMPLITUUE 

phase 

? . -iH 

3. 7t)b 

-215. 

1.24b 

-32b. 

1 10. uu 

0.51b 

-265. 

1.025 

-•^14. 

<iO.UU 

O.AAl 

-224. 

0.625 

-50b. 

1 iU.UV 

-255. 

o.by/ 

-2yb. 

HU.UU 

0.b^#7 

-262. 

0.bl7 

-2^5. 

su.uo 

j 

0.574 

-501. 

0.557 

-295. 

' bO.OU 

0.bd4 

-507. 

U.56b 

-<i94  . 

7U.UU 

0.515 

-30  7, 

U.45b 

-290. 

} 60. UU 

0.55b 

-512. 

0.57y 

-294. 

vu.uu 

1 

0.5U5 

-322. 

0.256 

-263. 

j ^7.00 

0.5b/ 

-525. 

0.221 

-291. 

I 

^ i' 


i 


DATA  POINT  16  - SECOND  HARMONIC 


AMAL  LOCAIlOiJ 

sucrioiM 

SUKFACL 

PKtbSUKt 

SURFACE 

PtHLC-Ml  U*-  CHOKO 

AfiHLITUUE 

PHAiiL 

AMPLITUDE 

PHASE 

0.39/ 

-368. 

lU  . UU 

o.buu 

-161. 

0.161 

-366. 

. JU 

0,14!7 

-1»7. 

0.061 

-363. 

50 . ou 

0.0/7 

-206. 

O.Obb 

-351. 

HU.UU 

0.0 /t) 

-181. 

0.026 

-368. 

bU.UU 

O.OHO 

-310. 

0.057 

-342. 

bo.ou 

0.0^5 

-172. 

0.040 

-370. 

70. UU 

0.01** 

-393. 

0.046 

-367. 

ou.uo 

U.OlU 

-972. 

0.03/ 

-379. 

'^0,00 

U.OlU 

.466. 

0.071 

-3/7. 

y7.oo 

0.U55 

-181. 

0.068 

-385. 

$LoJ 


